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High resolution x-ray magnetic scattering has been used to determine the variation with tem-
perature of the magnetic modulation vector, τ , in ErNi2B2C and TbNi2B2C to study the interplay
between the weakly ferromagnetic (WFM) phase and proposed lock-in transitions in these materials.
At temperatures below the WFM transitions, the modulation wave vectors are within the resolution
limit of the commensurate values 11/20 and 6/11 for ErNi2B2C and TbNi2B2C, respectively.
PACS numbers: 74.25.Ha, 75.25.+z, 61.10.Eq
Investigations of the physical properties of the super-
conducting rare-earth nickel boride-carbides, RNi2B2C
(R = Gd–Lu, Y), continue to provide insight into the in-
terplay between superconductivity and magnetism (For
recent overviews, see refs. 1,2.)
Recently, ErNi2B2C attracted special attention when
the possible coexistence of superconductivity and
weak ferromagnetism (WFM) was indicated by several
measurements3,4,5. A similar WFM state also exists in
TbNi2B2C
6,7,8. The similarity of the crystallographic
and magnetic properties of these compounds suggests a
common origin of the WFM9. In order to study the inter-
play between WFM and the dominant antiferromagnetic
(AFM) order we have performed a comparative study of
these two compounds using the technique of x-ray reso-
nant magnetic scattering.
In ErNi2B2C, superconductivity is observed below
TC = 10.5K. Neutron diffraction experiments
10,11 show
that below TN = 6.0K it orders in a transverse spin den-
sity wave with modulation wave vector τa ≈ (0.55, 0, 0)
and magnetic moments aligned parallel to the (0, 1, 0)-
axis of the crystal. As the temperature is lowered,
higher harmonic satellites develop, indicating that the
spin density wave squares up; the modulation wave vec-
tor was reported to be approximately independent of
temperature10,11.
A phase transition into a state with a weak ferro-
magnetic (WFM) component of about 0.33µB/Er (at
T = 2K) is observed at TWFM ≈ 2.3K
3,4,5. Whereas
this transition is clearly resolved in zero-field specific
heat measurements3, the magnetic moment of the ground
state has to be extrapolated from magnetization mea-
surements at finite fields above HC1
3. The structure
and origin of this WFM state remain unclear. Recently,
neutron scattering12,13 showed that the WFM state is
intimately linked to the appearance of even order har-
monic components of the spin wave and a lock-in of the
modulation wave vector, τ , onto a commensurate posi-
tion. However, the values of τ these two groups cite
do not agree: Whereas Choi et al.12 find τ = 0.548,
Kawano-Furukawa et al.13 report τ = 11/20 = 0.55.
Finally, an increase of the scattered intensity at nu-
clear Bragg peaks confirmed the presence of a WFM
component4,12.
Because of the striking similarities in their mag-
netic properties, it is useful to compare ErNi2B2C to
TbNi2B2C. Whereas the latter is not superconduct-
ing, it displays the same local moment anisotropy in
the paramagnetic phase (easy axes (1, 0, 0) and (0, 1, 0))
and forms an AFM structure closely related to that of
ErNi2B2C. In neutron scattering experiments
7 the mag-
netic modulation wave vector is found to decrease from
τ = (0.551, 0, 0) at TN = 14.9K to (0.545, 0, 0) below
TWFM ≈ 7K. Unlike in the Er compound, the Tb mag-
netic moments are aligned parallel to the modulation
wave vector, forming a longitudinal spin wave. Further-
more, a phase transition to a WFM state similar to that
of ErNi2B2C, albeit in the absence of superconductiv-
ity, occurs around TWFM ≈ 7K
6,14, with magnetic mo-
ment ≈ 0.55µB/Tb at T = 2K. Again, the neutron
experiments7 indicate that the appearance of a WFM
moment may be related to a lock-in of the AFM spin
wave to a commensurate propagation vector, in this case
τ = 6/11 = 0.545.
A recent Ginzburg-Landau type analysis9 shows that
a lock-in to τ = M/NG (G = reciprocal lattice vector)
withM even and N odd directly induces weak ferromag-
netism as secondary order. This result is confirmed by a
mean field analysis15 of ErNi2B2C.
In both compounds the magnetic ordering transi-
tions are accompanied by structural distortions which
lower the crystal symmetry from tetragonal (space group
I4/mmm) to orthorhombic (Immm)16,17,18. This dis-
tortion breaks the symmetry between the (1, 0, 0) and
(0, 1, 0) crystallographic directions and thus leads to an
unique easy axis of the magnetic moment (µ ‖ (0, 1, 0) in
ErNi2B2C, and µ ‖ (1, 0, 0) in TbNi2B2C) and the modu-
lation wave vector (τ ‖ (1, 0, 0) in both compounds19,20).
Since these magneto-elastic effects were not reported in
the earlier studies7,12,13, it appears doubtful that they
had the resolution necessary to clearly resolve a lock-
in transition into a commensurate state. We there-
2FIG. 1: Scans along the (H, 0, 0) direction of reciprocal
space through the (−1+τ, 0, 7) (top), (−τ, 0, 8) (middle), and
(1A,B , 0, 7) (bottom) reflections of TbNi2B2C at selected tem-
peratures. The horizontal scale is given by the experimental
orientation matrix defined at T = 1.7K. Note that the shift
in position of the magnetic peaks is comparable to the shift
of the structural peak due to the magneto-elastic effects. The
width of the magnetic peaks is approximately 1.6× 10−3 2pi
a
.
fore performed high-resolution resonant magnetic scat-
tering experiments using synchrotron x-rays21,22 on both
ErNi2B2C and TbNi2B2C.
Single crystals of ErNi2B2C and TbNi2B2C were grown
at the Ames Laboratory using a high-temperature flux
growth technique23,24. Platelets extracted from the flux
were examined by x-ray diffraction and were found to
be high quality single crystals with the (0, 0, 1)-axis per-
pendicular to their flat surface. The ErNi2B2C sample
was cut perpendicular to the (1, 0, 0) direction and the
resulting face was mechanically polished to obtain a flat,
oriented surface for x-ray diffraction. The sample dimen-
sions after polishing were approximately 2×1.5×0.5mm3.
The TbNi2B2C sample, the same one used in our earlier
studies17,20, had a (0, 0, 1) polished face.
The synchrotron experiments were carried out at
XMAS CRG and at the Tro¨ıka undulator beamline
(ID10C) of the European Synchrotron Radiation Facility
(ESRF). The samples were mounted on the cold finger of
a Displex closed cycle refrigerator equipped with an ad-
ditional Joule-Thompson stage28. The base temperature
of this configuration was approximately 1.7K.
Fig. 1 shows scans through selected magnetic and
FIG. 2: Longitudinal scans through the (2 ± τ, 0, 0) (top,
bottom) and (2, 0, 0) (middle) reflections of ErNi2B2C at se-
lected temperatures. The width of the peaks is approximately
2.0× 10−3 2pi
a
= 3.6× 10−3 A˚−1.
charge reflections of TbNi2B2C. The variation of the
a-axis lattice parameter is significant and has to be
taken into account when calculating the modulation wave
vector19 (the horizontal scale is identical in all three
panels). The corresponding raw data for ErNi2B2C are
shown in Fig. 2.
The data presented in Fig. 1 were fitted to a
Lorentzian-squared line shape. τ in units of the recip-
rocal lattice was calculated from
2π
a
= −QH(−1 + τ, 0, 7)−QH(−τ, 0, 8) (1)
τ =
QH(−τ, 0, 8)
QH(−1 + τ, 0, 7) +QH(−τ, 0, 8)
, (2)
where Q = (QH , QK , QL) is the scattering vector. The
resulting data are presented in Fig. 3.
For the case of ErNi2B2C a similar calculation was ap-
plied to the measured positions of the (2 ± τ, 0, 0) mag-
netic Bragg reflections19:
2π
a
=
1
2
[Q(2 + τ, 0, 0) +Q(2− τ, 0, 0)] (3)
τ =
[Q(2 + τ, 0, 0)−Q(2− τ, 0, 0)]
[Q(2 + τ, 0, 0) +Q(2− τ, 0, 0)]
. (4)
The resulting data are presented in Fig. 4.
3FIG. 3: (a) Around 7K, the modulation wave vector,
τ , of TbNi2B2C locks in to the commensurate value of
6/11, indicated by the dashed line. (b) Basal plane lattice
parameters, a and b, extracted from the position of the
(−1A,B, 0, 7) reflections (triangles), and from the position
of the (−1 + τ, 0, 7) and (−τ, 0, 8) magnetic reflections
(circles). (c) The specific heat shows a clear λ-shaped
maximum at the Ne´el transition. There is no signature
of the lock-in transition.
FIG. 4: (a) Around 3K, the modulation wave vector, τ ,
of ErNi2B2C locks in to the commensurate value of 11/20,
indicated by the dashed line. (b) Basal plane lattice pa-
rameters, a and b, taken from Ref. 16 (triangles), and
from the position of the (2+ τ, 0, 0) and (2− τ, 0, 0) mag-
netic reflections (circles). (c) In addition to the λ-shaped
maximum at the Ne´el transition, a broad anomaly is ob-
served near the WFM transition.
For both samples, the directly measured lattice pa-
rameter is in good agreement with the one calculated
from the position of the magnetic reflections and with
our earlier experiments17,19,20,25. We estimate the rela-
tive systematic errors to be below 1× 10−3, as indicated
in Figs. 3 and 4. Clearly, these are systematic errors –
the noise level is at least a factor of 10 smaller.
The importance of using this procedure is underlined
by the discrepancy between our value and that given
by Choi et al.12. The latter, τChoi = 0.548, can be re-
produced from our raw data by simply dividing the low
temperature Q-value of the (2 + τ, 0, 0) reflection, Q =
4.5823 A˚−1 by the reciprocal lattice parameter at T =
6.1K, 2pi
a
= 1
2
·Q(2, 0, 0) = 1
2
· 3.5988 A˚−1 = 1.7994 A˚−1.
Using the high temperature value of Q(2, 0, 0) corre-
sponds to taking the average of the Q-values of the
(2, 0, 0) and (0, 2, 0) peaks. We obtain Q/ 2pi
a
= 2.547 ≈
2 + τChoi.
In both compounds the variation of τ vs. temperature
flattens out dramatically as TWFM is approached; within
the error cited above their modulation wave vectors agree
with the commensurate values indicated by the dashed
lines in Figs. 3 and 4. Their absolute values, τEr = 11/20,
and τTb = 6/11, probably differ because of small differ-
ence in the lattice parameters and electronic structures,
resulting in different spacings between the nested parts
of the Fermi surfaces.
However, there is no sign of a discontinuous change of
the modulation at the proposed WFM transition. On the
contrary, it appears as if the modulation wave vector was
changing continuously, and as if it was not constant, i.e.
not locked to a commensurate value, below TWFM. This
behavior is confirmed by the neutron data12,26.
Our results are consistent with a second order lock-in
transition to the commensurate values given above9. In
this scenario, the magnetic structure is composed of com-
4mensurate blocks separated by domain walls often called
“discommensurations”9. Across these domain walls the
phase of the spin density wave shifts by a defined value,
in a way similar to the “spin slip” structures observed in
Ho27. The modulation wave vector τ of the structure is
obtained from the Fourier transform over several blocks,
including the domain walls. The discrepancy between
the actual τ and the commensurate value is then propor-
tional to the average phase shift per unit length along the
modulation wave vector, i.e. the density of domain walls.
When the temperature of the system is varied the domain
walls shift until in the limit T → 0 the distance between
them becomes infinite and the wave vector truly commen-
surate. For ErNi2B2C and TbNi2B2C, this theory has to
be modified to take into account domain wall pinning
which is expected to be significant because of the large
magneto-elastic strain induced by the orthorhombic dis-
tortion associated with the AFM phase transition16,17,18.
The net ferromagnetic moment per formula unit re-
sulting from the above commensurate structures would
be 2/N of the saturation moment, i.e., 1/10µEr
and 2/11µTb, respectively. These numbers have to
be compared to the measured fractions (at T =
2K), 0.33µB/7.8µB ≈ 1/24 for ErNi2B2C
3, and
0.55µB/9.5µB ≈ 1/17 for TbNi2B2C
6. That the ob-
served WFM moment is significantly smaller than the
predicted value might indicate that the saturated, com-
pletely ordered state was not reached at the measurement
temperature, or that only a finite volume fraction of the
sample undergoes the WFM transition. Furthermore, in
ErNi2B2C the observed magnetization is lowered by the
diamagnetism of the superconducting state. Note also
that τEr = 11/20 does not have the form N/M ~G with N
even and M odd, so that the lock-in does not necessarily
induce weak ferromagnetism9.
Finally, we note that the specific heat of ErNi2B2C
exhibits a broad anomaly near the WFM transition
(Fig. 4(c)), whereas the specific heat of TbNi2B2C
(Fig. 3(c)) shows no indication of the WFM transition.
This might be related to the different form of the com-
mensurate value, odd/even vs. even/odd, for the Er and
Tb compound, respectively9.
In summary, we have performed high resolution mag-
netic x-ray diffraction measurements to study the AFM
host structures of ErNi2B2C and TbNi2B2C close to the
weak ferromagnetic transition at TWFM. We determined
the modulation wave vector τ with high precision, taking
into consideration the magneto-elastic distortion associ-
ated with the antiferromagnetic order. In both materials
above TWFM τ varies strongly with temperature, whereas
below TWFM the variations are much smaller, but still fi-
nite and observable. Across the whole temperature range
the variations are continuous, so that first order transi-
tions can be excluded. Our observations are consistent
with a second order lock-in transition in the presence of
discommensurations9.
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